This report is concerned with the influence of measurement temperature on luminescence lifetime and on the spectral emission features of luminescence from -Al 2 O 3 :C. The lifetimes were determined from time-resolved luminescence spectra. Spectral measurements were done using thermoluminescence and X-ray excited optical luminescence. 
Introduction
The enduring appeal of aluminum oxide (-Al 2 O 3 ) in defect studies is due to its peculiar luminescence properties [e.g. [1] [2] [3] [4] . The luminescence of -Al 2 O 3 is influenced by vacancies in the oxygen sublattice. These generate colour centres notably the F and F + centres, that is, an oxygen vacancy with two and one electron trapped nearby respectively [3] . Optical absorption measurements show that F and F + centres are always present in -Al 2 O 3 . The presence of the -centre (an empty anion vacancy) has not been unequivocally established whereas the presence of colour-centre aggregates is inferred from unassigned radiative transitions [2] [3] .
The incorporation of carbon in -Al 2 O 3 during its synthesis to produce-Al 2 O 3 :C reduces -Al 2 O 3 and facilitates the formation of F and F + centres [4] [5] . These electron centres act as luminescence sites for electrons thermally or optically stimulated from electron trapping point-defects. Although -Al 2 O 3 shows emission bands at 1.25, 1.49, 3.0, 3.27 and 3.8 eV, that is, near 990, 830, 410, 380 and 330 nm respectively [2] [3] , the most prominent ones in -Al 2 O 3 :C are near 3.0 eV (410 nm) and 3.8 eV (330 nm) respectively [4] [5] .
Thermoluminescence (TL) emitted near 410 nm (or variously reported as 420 nm) is attributed to intra-centre-transitions at an F centre following electron capture at an F + defect, 4 optically stimulated luminescence during stimulation is temperature-dependent and that the luminescence comprises contributions from the main electron trap as well as deep traps.
Further investigations in this regard but using pulsed 470 nm stimulation were reported by
Pagonis et al. [23] and Nyirenda [24] .
Time-resolved optical stimulation should not be confused with time-resolved photoluminescence (TR-PL) where excitation is performed using UV light which directly ionizes F-centres [5, 25] . Akselrod et al. [25] used this mode to study thermal quenching of luminescence detected at 420 nm. Pagonis et al. [26] referred to the model of Nikiforov et al.
[27] and adopted suitable modifications to develop simulations of TR-PL in -Al 2 O 3 :C. In their work, Pagonis et al. [26] developed an energy band scheme to explain thermal quenching of the 3.0 eV emission attributed to the 3 P→ 1 S transition at an F centre.
The experimental features [e.g. 6, [20] [21] [22] [23] [24] [25] suggest that although luminescence from -Al 2 O 3 :C has multiple sources [3, 28] , the contribution from the F-centre is dominant. This is particularly evident when the emission is measured as a thermoluminescence isometric plot above ambient temperature [29, 30] . In addition, excitation at UV wavelengths discriminates against other emissions except the F-centre one and thus fine features involving other transitions are usually too faint to be instructive.
The third type of luminescence used in this study, X-ray excited optical luminescence (XEOL, often referred to as radioluminescence (RL)) is the luminescence emitted during Xray irradiation. Since the luminescence is measured as a function of the emission wavelength, the method provides a means to measure the nature of the emission band and how this is affected by dopants [31] , impurities [32] , irradiation dose [33] , or pre-irradiation annealing [34, 35] . XEOL was used to study the effect of both X-ray dose and measurement temperature on the emission bands.
This report is therefore concerned with the influence of measurement temperature on luminescence lifetimes and the spectral emission features of luminescence from -Al 2 O 3 :C.
The lifetimes were determined from time-resolved optically stimulated luminescence (TR-OSL) spectra. On the other hand, emission spectra were measured both during and after irradiation to better examine the temperature dependence of various emission bands in -
Experimental details

Measurement of time-resolved luminescence spectra
Measurements were made on -Al 2 O 3 :C single crystal discs of 5 mm diameter and 1 mm thickness (Rexon TLD Systems, Ohio, USA). Samples were annealed once at 900 o C for 15 minutes before use to remove any residual charge from deep traps. Samples were irradiated at ambient temperature using a 90 Sr/ 90 Y -source at a dose rate of 0.10 Gy s -1 .
TR-OSL was measured using a light-emitting-diode (LED) based pulsing system [36, 37] . In the system, an ORTEC MCS-plus multichannel scaler is used to trigger a set of LEDs at preset repetition rates while simultaneously processing resultant luminescence photon counts from an EMI 9635QA photomultiplier to produce TR-OSL. The multichannel scaler records photon counts sequentially in the selected channels of its memory advancing with negligible dead-time between channels and sweeps. The time-resolved spectrum measured in this way is a distribution of cumulative photon counts against time for the dynamic range selected.
Luminescence was stimulated at a pulse-width of 16 ms using a set of 470 nm blue LEDs (Nichia NSPB-500) and detected between 340-380 nm through a combination of Schott BG39 and UG11 filters. Each time-resolved spectrum was obtained using 100 sweeps, dwell time of 1 ms and a dynamic range of 500 ms. The measurement temperature was controlled by an AO500 sample heater (MBE-Komponenten GmbH, Germany) with the sample-stage being a ceramic thin-film heater plate, driven by direct-current, and fitted with a PT100 temperature sensor. Unless otherwise specified, all data in this report is presented in degrees
Celcius.
An example of a time-resolved spectrum from -Al 2 O 3 :C measured at 40 is shown in Fig.   1 . The signal build-up during pulsing includes a monotonically increasing luminescence component whereas after the light pulse, the luminescence decreases in time over background. The background, shown for comparison, consists of photomultiplier noise and stimulating light scattered off a blank stainless steel sample disk during stimulation but photomultiplier noise only after the light pulse.
Luminescence lifetimes were evaluated from the portion of each time-resolved spectrum after the pulse by fitting exponential functions of the form ,
where is the lifetime, A is a scaling factor, t is time. The uncertainty in the lifetime reflects the scatter in data points in the time-resolved spectrum used to evaluate the lifetime.
In studies on quartz e.g. [16, 17, 38] the parameter denotes the background. However, in -Al 2 O 3 :C, B is known to be a temperature-dependent phosphorescence component with a lifetime of several hundred milliseconds [23, 25] . This work, for which the dynamic range was only 500 ms, is not concerned with this term.
The solid line through data after the light-pulse in Fig. 1 
Measurement of luminescence spectral emission
The study using time-resolved optical stimulation was supplemented by spectral measurements of thermoluminescence as well as X-ray excited optical luminescence (XEOL). The purpose of the XEOL and TL measurements was to obtain more comprehensive details on the dynamics involved in the luminescence which is possible when the signal is recorded as an emission spectrum to reveal information not only concerning the electron traps but about luminescence sites as well e.g. [31, 39, 40] .
XEOL measurements were made in ~1 mbar vacuum either at room temperature or by ramping to 400°C at 10 K min -1 using an upgraded version of the high sensitivity thermoluminescence spectrometer described by Luff and Townsend [41] . Samples were irradiated in-situ with X-rays from a Philips MCN-101 X-ray tube operated at 20 kV/4 mA giving a dose rate of 1.8 Gy min -1 . For XEOL, the data are collected during irradiation and temperature ramping in real time, whereas for TL the sample is irradiated and the irradiation stopped prior to ramping.
The luminescence detection system consists of a combination of two spectrometers capable of recording emissions over the wavelength range 250 to 850 nm. A diagram of the light collection optics is shown in Fig. 2 . Two grating spectrometers diffract the incoming light onto position sensitive imaging plate detectors and the position of the photon on the plate is converted to a spectrum. The gratings, one at each detector, disperse the signal across the relevant range i.e. 250-550 nm and 380-850 nm. All spectral data are corrected for the wavelength response of the system. 0.5 mm entrance slits were used on the spectrometers giving a typical 5 nm resolution over the whole wavelength range. A 400 nm cut-off filter is inserted in the light path to the 380-850 nm detector to remove the second order scattering of lower wavelengths into the first-order spectrum. In measurements of thermoluminescence and temperature-dependence of XEOL, a temperature scan was obtained every 5 K equivalent to a spectrum recorded every 30 s. Spectral data were corrected for dark current and subsequently smoothed in wavelength using a three point running mean.
Results and discussion
Thermoluminescence glow-curves
Examples of thermoluminescence glow-curves from -Al 2 O 3 :C studied are shown in Fig. 3 .
Two types of TL responses were noted. For some samples, the glow-curve consists of the It is now known that the main peak (peak II) is collocated with a weaker-intensity component (peak IIA) on its higher temperature end [9] . It should be noted that Fig. 3 is only included to distinguish between type A and B samples, for reference later in the text, and not for kinetic analysis.
Measurement temperature and time-resolved luminescence spectra
Temperature dependence of luminescence lifetimes: Influence of shallow traps and retrapping
The temperature dependence of luminescence lifetime was studied for measurements made at 
Further investigations of retrapping and lifetimes
The possibility that re-trapping may extend lifetimes was examined further by (a) delaying (for 14 hours) the start of measurement after irradiation, (b) recording time-resolved spectra after the sample had been briefly pre-exposed to 470 nm light, or (c) monitoring the temperature-dependence of lifetimes with the temperature decreasing from a high value to ambient. These protocols were followed for several reasons. Some studies e.g. Chithambo and Seneza [8] have shown that the loss of signal from the shallow trap (peak I in In this procedure, there should be negligible retrapping in these putative competitor traps. However, as is apparent in Fig. 5 (inset), the lifetimes still increase in the regions associated with the shallow and main electron traps. This is counter-intuitive since retrapping should be less effective when the temperature is decreased from a high value to ambient. Our conclusion is that the change of lifetimes as observed may not be due to retrapping alone but could also be caused by other factors including slight shifts in emission wavelength. This will be examined further later in the text.
Analysis using the signal during stimulation
Luminescence lifetimes described earlier were found using the portion after the light pulse using Eq. (1). However since the physical processes of luminescence during and after the light-pulse are identical, lifetimes can also be abstracted from the portion of the time-resolved spectrum during stimulation using functions of form
where is a scaling factor, the time and the lifetime [16, 17] . 
Thermal quenching
The temperature induced decrease of lifetimes in Figs. 4-6 is evidence of thermal quenching of the associated luminescence. This feature was used to evaluate the activation energy of thermal quenching. For type B samples, the change of lifetime with temperature (T) better follows the usual behaviour as ,
where T is the absolute temperature,  rad is the radiative lifetime at 0 K, ΔE is the activation energy for thermal quenching, k is Boltzmann's constant and the constant C is equal to  rad where  is the frequency factor for the non-radiative process [2, 17] . The solid line through data in Fig. 4 (inset) and The parameter C was found in each case as 2.14 x10 11 from which s -1 for Fig. 4 (inset) and s -1 corresponding to Fig. 6 (inset). [42] reported that C preferentially occupies the Al site under O-rich conditions whereas when Al is in greater concentration, C tends to occupy the O site.
Zhu et al. [42] deduced that carbon at an Al site (C Al ), with an associated energy level close to the conduction band minimum, can serve as an electron trap. Kinetic analysis shows that the kinetic energy of peak I is equal to 0.72±0.05 eV [9] or similar [8, 18] , the least for all peaks in -Al 2 O 3 :C. We therefore conclude that the electron trap responsible for peak I is consistent with the C Al site. Further, different concentrations of C Al in the material could account for the existence of types A and B samples.
Luminescence spectra
Thermoluminescence spectra
Since lifetimes in -Al 2 O 3 :C change with temperature (Figs. 4-6 ), investigations were done to assess whether the corresponding emission spectra are similarly affected, and if so, its bearing on interpretation of mechanisms of the luminescence. Emission spectra were measured using thermoluminescence and X-ray excited optical luminescence. to emphasize the features of the shallow trap responsible for peak I. It is evident that peak I and the main TL peak correspond to the same emission wavelength. In comparison, the spectral measurements of Akselrod and Kortov [43] , where the photon energy was plotted in lieu of wavelength as a function of temperature, showed a dominant emission band at about 3.0 eV (i.e. 420 nm) but not the number of TL peaks associated with a particular band.
X-ray excited optical-luminescence spectra
The emission was further studied using X-ray excited optical-luminescence (XEOL) by monitoring the emission wavelength at different temperatures. nm) is too faint for its features to properly emerge but that at 695 nm is independent of temperature.
Interpretation of spectral features: General observations
Luminescence emission bands in corundum (Al 2 O 3 ) are associated with oxygen vacancies or their clusters [1, 2, 6] . The incorporation of carbon in Al 2 O 3 to produce α-Al 2 O 3 :C increases the concentration of colour centres but does not seem to introduce new emission bands. The previous section showed a number of features some of which have been observed or noted before in principle e.g. evidence of change of wavelength of the main band with temperature [3, 43] and, thermal quenching [4, 6] . An exhaustive account of the characteristics is outside the scope of this study. However, since the results have a bearing on TR-OSL spectra, some
propositions on the observed aspects of emission features related to oxygen vacancies will be made.
Figs. 7 and 8, show that if an isometric plot is measured using thermoluminescence from, say 20 to 400 o C, all detail in emission characteristics is lost since the spectrum is dominated by the main TL peak. This has also been acknowledged by Yukihara and McKeever [5] .
The emission spectra of -Al 2 O 3 :C studied in this work shows five emission bands near 330, 380, 420, 440 associated with vacancies in the oxygen sub-lattice and 695 nm attributed to Cr impurities [2, 6] . The characteristics of these bands are further explained with reference to Fig. 10 is set in the conduction band here and elsewhere e.g. Vinceller et al. [46] because the F band is known to show photocurrents down to 10 K [2, 47] . The emission at 3.0 eV (420 nm) is generated by the transition from the 3 P excited state to the 1 S ground state [2, 4, 48] .
The emission at 3.76 eV (330 nm) is ascribed to a transition from the 1B excited state to the 1A ground state at an F + centre [2] . The F + point-defect is distinguished from the F colour centre because the F + has a 3-fold degenerate excited state and thus shows three distinct absorption bands at 6.3, 5.41 and 4.84 eV [2, 4, 49] . The emission at 380 nm (3.27 eV) has been linked to an F 2 centre, that is, a pair of adjacent F centres [2] . Other possibilities have been reviewed elsewhere [1] [2] [3] [4] [5] [6] .
The luminescence emitted at 695 nm has been observed before in Cr-doped Al 2 O 3 [6, 50] as well as in Cr-doped beryl [31] . This emission is associated with Cr 3+ which substitutes homovalently for Al 3+ . However, since the size of Cr, at 0.63 Å, is much larger than that of Al, at 0.51 Å, the substitution distorts the structure of the host. The emission can be discussed with reference to a configurational coordinate diagram of a Cr 3+ cation in a site of high crystal strength, relevant in this discussion [1, 51] . The emission spectrum of Cr
3+
consists of a sharp doublet denoted R 1 and R 2 . The doublet is not obvious in Fig. 8(b) measured at high temperature but better apparent at low temperature [31] . The R lines are due to the transitions 2 E → 4 A 2 with the 2 E level being two fold degenerate. The emission appears as a broad band in Fig. 8(b) because it is a composite of the transitions 2 E → 4 A 2 and 4 T 2 → 4 A 2 with the latter being dominant. The Cr 3+ emission in beryl was similarly explained [31] . In general, the energy level diagram of an isolated ion is modified when the ion is incorporated in a host structure e.g. [40] .
The influence of temperature on width, intensity and position of emission bands
The temperature-dependent increase of width of bands L (at 380 nm) and M (at 420 nm) may be due to the F centre being strongly coupled to the lattice. According to the semiclassical configurational coordinate model, the band width at high temperature can be approximated as
where W o is the width at absolute zero of temperature, is Boltzmann's constant and is the energy of the coupling phonon. Increase in the width of each band therefore accentuates the overall width of the region of overlap of the bands as evident in Fig. 9(b) . . If, however, point P is at a lower energy than state B, the electron can down-relax to the vibrational state corresponding to point P (transition 1`, Fig. 11(b) ) which is now degenerate to both the ground and the excited states. In this case, the vibrational state corresponding to point C is not occupied and thus the de-excitation probability is much greater by way of phonon states of initial state (transition 5; Fig. 11(b) ) than of state thus no luminescence occurs [1, 52, 53] .
It can be deduced from Fig. 11(a) that the overall probability of de-excitation has radiative, multiphonon down-transition and multiphonon non-radiative terms as
where  is the lifetime of the excited state,  rad is the radiative lifetime at absolute zero of temperature,  is a constant, and and  are as previously defined [2] .
In view of the discussions above, the shift in emission wavelength in Fig. 9 could be caused by a temperature-induced offset of state from its equilibrium coordinate such that the magnitude of transition 2 changes. Another possible cause could be formation of F-centre aggregates, which along the lines of Mollwo-Ivey law [54] , the potential that the trapped electron sees is spread over a large area such that the transition energies between electronic states become altered. On the other hand, the decrease of luminescence intensity with temperature is attributed to increased probability of multi-phonon emission (transition 5).
Conclusions
The influence of measurement temperature on luminescence lifetimes determined from time resolved spectra as well as thermoluminescence and XEOL spectra from -Al and 420 nm bands merge and widen, with the 420 nm emission dominant. The intensity of the F + band at 330 nm was too low to decide whether it is also affected by thermal quenching.
An important conclusion from this study is that the emission from -Al 2 O 3 :C has simultaneous contributions from at least five emission bands and that, although the one near 420 nm is dominant at ambient temperature, changes in various parameters such as lifetimes with temperature cannot be attributed to retrapping or dose alone. It is inferred that these are also subject to interaction of point-defects in the material. 
